The composite-based poly(lactic acid) (PLA)/poly(butylene adipate-co-terephthalate) (PBAT)/kenaf fiber has been prepared using melt blending method. A PLA/PBAT blend with the ratio of 90:10 wt%, and the same blend ratio reinforced with various amounts of kenaf fiber have been prepared and characterized. However, the addition of kenaf fiber has reduced the mechanical properties sharply due to the poor interaction between the fiber and polymer matrix. Modification of the composite by (3-aminopropyl)trimethoxysilane (APTMS) showed improvements in mechanical properties, increasing up to 42.46, 62.71 and 22.00 % for tensile strength, flexural strength and impact strength, respectively. The composite treated with 2 % APTMS successfully exhibited optimum tensile strength (52.27 MPa), flexural strength (64.27 MPa) and impact strength (234.21 J/m). Morphological interpretation through scanning electron microscopy (SEM) reveals improved interaction and interfacial adhesion between PLA/PBAT blend and kenaf fiber. The fiber was well distributed and remained in the PLA/PBAT blend evenly. DMA results showed lower storage modulus (E 0 ) for PLA/PBAT/kenaf fiber blend and an increase after modification by 2 wt% APTMS. Conversely, the relative damping properties decreased. Based on overall results, APTMS can be used as coupling agent for the composite since APTMS can improve the interaction between hydrophilic natural fibers and non-polar polymers.
Introduction
In recent years, growing number of researchers have attempted research on composite materials due to public concern towards environmental pollution caused by nondegradable wastes, especially plastics. Plastics are resistant against microbial attack and no new enzyme is found to be capable of degrading synthetic polymers. Nowadays, many countries and states follow the ban of plastic grocery bags responsible for so-called ''white pollution'' around the world. Bioplastics play a big role as a viable biodegradable replacement [1] . So, there is an increasing number of biopolymers used such as poly(lactic acid) (PLA), poly(butylene adipate-co-terephthalate) (PBAT), and polyhydroxybutyrate (PHB) which are capable of biodegradation and known as ''environmental friendly''.
PLA is biodegradable thermoplastic polyester produced from L-lactic acid, which is derived from the fermentation of corn starch and other polysaccharide sources [2] . It has become a polymer of large interest not only in the traditional areas of biomedical and pharmaceutical applications, but also in the commodity area, i.e., mainly packaging applications [3] . This is because, among the biodegradable polymers, PLA is the most promising biodegradable material since it is readily susceptible to biological attack and can be produced from renewable resources [4] . However, PLA has its own disadvantage in terms of inherent brittle characteristic. Numerous approaches such as plasticization, block copolymerization, blending with tough polymers, and rubber toughening have been adopted to improve the toughness of brittle polylactide bioplastic [1] . One of the suggestions was melt blending the PLA with elastomeric polymers such as poly(butylene succinate), poly(caprolactone), and poly(butylene adipateco-terephthalate) to reduce the PLA brittleness. Furthermore, PLA/PBAT blend with improved mechanical properties, in particular; show good level of toughness has been reviewed by some researchers [5] .
Although many researchers claim that PLA/PBAT blends are biodegradable, the rate of degradation is very slow; thus there has been a growing interest in applying natural fibers in such composite. These types of composites present many advantages compared to synthetic fibers such as low tool wear, low density, cheaper price, availability, biodegradability, and theoretically offer desirable specific strengths and modulus [6] . Research carried out by Klaus Friedrich [7] , stated that in most cases fiber-reinforced polymers are nowadays used in many applications demanding light weight, high specific modulus and strength [7] . For this investigation, kenaf was the chosen fiber to be mixed up with PLA/PBAT blend on some rational basis. Kenaf can be found easily since it grows at favorable tropical and subtropical areas, in spite of very fast growth which may afford two harvests each year. Further, kenaf fibers are gaining more attention in Malaysia, and it is in the national agenda for further advancements in various applications which include the automotive components, food packaging, furniture as well as sports and leisure [8] . The kenaf plant is composed of many useful components (e.g., stalks, leaves, and seeds), and within each of these there are various usable portions (e.g., fibers and fiber strands, proteins, oils, and allelopathic chemicals) [9] . However, after alkalizing, the interfacial adhesion with polymers improved producing composites with better flexural and tensile modulus, flexural and tensile strength as well as impact strength. Thus, kenaf fibers have superior properties over other natural fibers such as oil palm, sugarcane, and jute [10] .
However, reinforcement of natural fiber into polymer blend will reduce the mechanical properties of biocomposites due to lack of good adhesion to most polymeric matrices [11] . Poor fiber-matrix interfacial adhesion may negatively affect the physical and mechanical properties of the resulting composites due to the surface incompatibility between hydrophilic natural fibers and non-polar polymers (thermoplastic and thermoset) [12] .
One of the most important criteria of composite manufacture is to achieve adequate adhesion between fibers and polymer matrix. Several modification methods on improving compatibility between the fiber and polymers were recently investigated. Chemical modification using silane is recognized as an efficiant coupling agent since it has been successfully applied in inorganic filler reinforced polymer composites and mineral-filled polymer composites [12] . This is based on the unique chemical and physical properties of silane itself which not only exhibits enhancement in bond strength, but also most importantly it prevents debonding at the interface during composite aging and use. Proper treatment of a biocomposite with silane can increase the interfacial adhesion between biopolymers and fiber, hence improve its mechanical and outdoor performance. In this present study, (3-aminopropyl)trimethoxysilane (APTMS) coupling agent was mixed with the biocomposite to provide a stable bond between two otherwise poorly bonding surfaces. Generally, APTMS has methoxy group which is reactive towards various inorganic materials and amino groups of many kinds of resins as well as fiber to form chemical bonds. The effect of these treatments may produce a flexible biopolymer with excellent mechanical properties.
Experimental

Materials
Kenaf V36 was supplied by Lembaga Tembakau Negara (LTN). Kenaf was sieved to 200 lm and was dried at 60°C to minimize the moisture content. PLA in pallet form was purchased from NatureWorks TM PLA 4060D. PLA was dried at 60°C to release moisture. PBAT also in pallet form was obtained from BASF Plastic Technologies USA with the trade name, Ecoflex FBX 7011. PBAT was used as received without drying. APTMS was purchased from ALDRICH and used as received.
Preparation of composites
Preparation of the composite was divided into three parts. Firstly, PLA/PBAT blends were compounded at different loadings of weight percentages (90:10, 80:20, 70:30, 60:40, and 50:50). Secondly, 90:10 PLA/PBAT and kenaf composite were prepared using various weight percentages of kenaf (10, 20, 30, 40 , and 50 %). Lastly, composites (PLA/PBAT/kenaf) and APTMS at variable ratios (99:1, 98:2, 97:3, 96:4, and 95:5) were prepared. All samples were blended using Brabender internal mixer from Melchers, German at 170°C with rotor speed of 30 rpm. The required amount of sample has undergone preheating treatment for 2 min and blending for 13 min. Subsequently, the molten sample was brought to room temperature and dried at 60°C following its preparation. 
Characterizations
Tensile test
Tensile test was performed based on ASTM D638 (Type V) standard using Instron Universal Testing Machine USA, UTM (model 4302) with IX series. Seven specimens in dumbbell shapes with measured thickness and width were tested at constant cross-head speed of 5 mm/min, load cell of 1 kN, and a gauge length of 10 mm. The average values of five runs were taken and calculated as tensile strength and tensile modulus.
Flexural test
Flexural test was performed according to ASTM D790 standard using Instron Universal Testing Machine USA, UTM (model 4302) with IX series. Flexural strength and flexural modulus were measured at constant cross-head speed of 1.3 mm/min and load cell of 1 kN. Seven specimens in rectangular shapes each with 126 9 12 9 3 mm size were used for testing. Average values for five samples were used as the produced data.
Impact test
Impact test was conducted using Izod Impact Tester Equipments, India, with a 453 g (1.0 lb) pendulum following recommendation from ASTM D256. Five specimens each with 63.5 9 12 9 3 mm size was hit by 7 J hammer. An average of five values has been obtained and calculated as impact strength.
Scanning electron microscopy (SEM)
Fractured surface morphology was studied for the selected PLA/PBAT blend, PLA/PBAT blend reinforced kenaf, and biocomposite with APTMS. Samples were examined using a Philips XL 30 SEM USA, with an acceleration voltage of 20 kV. The fractured surface was gold coated to avoid electrostatic charging during inspection.
Dynamic mechanical analysis (DMA)
Dynamic mechanical analysis was performed according to ASTM D5023 on rectangular samples each with 50 9 12 9 1 mm size. Four main samples consisting of neat PLA, PLA/PBAT blend, PLA/PBAT reinforced-fiber, and biocomposite with the addition of 2 % APTMS were analyzed using a Perkin-Elmer PYRIS Diamond dynamic mechanical analyzer, USA, using the three-point bending mode. The temperature scan was in the range of 25°C (ambient temperature) to 150°C at a constant heating rate of 2°C/min and the frequency of dynamic force of 1 Hz, under nitrogen atmosphere.
Results and discussion
Tensile test Figure 1 depicts the tensile strength and tensile modulus of virgin PLA and various ratios of PLA/PBAT blends. Both tensile strength and tensile modulus of PLA decreased with the increase in PBAT content. This is due to the flexibility and elastomeric behavior of PBAT. Research done by Peng in 2010 reveals that this behavior is probably due to the presence of soft elastomeric phase that reduces the crystallinity in the virgin matrix confirmed by DSC studies [13] . Formulation of 90:10 wt% PLA/PBAT displays a drop in tensile strength by 22.32 % and tensile modulus by 3.94 %. This reveals incompatibility between the constituent polymers in the blend system which results in phase separation and deterioration in tensile properties [5] . However, addition of PBAT made the blend more flexible. By comparing virgin PLA and PLA/PBAT blend sheets at various compositions, 90:10 PLA/PBAT blend is flexible enough with the optimum tensile strength (48.7 MPa) and tensile modulus (1058.74 MPa). Thus, this composition has been chosen for reinforcement with kenaf fiber. The effect of kenaf loading on tensile strength of the composite can be seen in Fig. 2 . The tensile strength pattern of composite decreased with increased kenaf loading. Compared to the tensile strength of PLA/PBAT blend, a reinforcement by 10 wt% kenaf exhibited a drop in tensile strength by 24.66 %, whereas, with 50 wt% kenaf content the tensile strength was dropped by 63.84 %. This indicates poor adhesion and interaction between the kenaf and PLA/PBAT blend. Based on the result (Fig. 2) , the highest tensile strength of PLA/PBAT/kenaf blend which is 36.69 MPa represents the blending of 90 wt% PLA/PBAT and 10 wt% kenaf. So, this composition is later selected for modification with APTMS. Figure 2 also shows the effect of kenaf loading on the tensile modulus of the composite. The highest tensile modulus is 1152.62 MPa which obtained by 90 wt% PLA/PBAT blend and 10 wt% fiber, and the lowest tensile modulus is 423.29 MPa which is obtained by 50 wt% PLA/PBAT blend and 50 wt% fiber. The tensile modulus decreased when the amount of kenaf is increased. Since the interaction between the fiber and polymer matrix is really poor, the increased kenaf loading leads to poor distribution in PLA/PBAT blend matrix. Inadequate fiber interaction and distribution in the matrix play an important role for the deterioration of tensile properties. Research carried out by Oksman [4] demonstrates that this pattern can be considered due to fiber orientation, since the test samples are compression molded and the fibers are possibly oriented differently from one sample to another [4] .
As shown in Fig. 3 , the composites have the optimum tensile strength (52.27 MPa) with addition of 2 wt% APTMS. Tensile strength is increased up to 42.46 %. The enhancement of tensile strength with addition of coupling agent can be attributed to the better wetting and dispersion of fibers in the matrix [14] . However, the tensile strength is decreased with the increase in APTMS weight percentage. This is because high percentage of APTMS would allow increasing number of linkages between PLA/PBAT blend and the fiber, hence, APTMS tends to agglomerate and the composite becomes rigid, and so poor interactions occur between all components. Figure 3 also depicts the effect of APTMS on composite's tensile modulus. Addition of 2 wt% APTMS demonstrates optimum tensile modulus which is 1297.00 MPa. The stiffness of the composite depends on good interfacial adhesion between the PLA/PBAT blend and kenaf.
Flexural test
As shown in Fig. 4 , flexural strength of PLA is gradually dropped in the presence of PBAT. A similar pattern goes to flexural modulus. Addition of 10 wt% PBAT exhibits decrease in flexural strength and flexural modulus of PLA/PBAT blend by 24.67 and 10.27 %, respectively. Noted that PBAT is a biodegradable polymer with high ultimate elongation but low modulus due to its low crystallization, thus PBAT has lowered the PLA/PBAT strength and stiffness. However, blending of PBAT with PLA characterized by a high brittle polymer produces polymer blends with moderate strength but flexible material. Addition of Figure 5 demonstrates that the flexural strength is decreased with increase in fiber loading. Reinforcement by 10 wt% fiber has reduced the flexural strength to 37.50 MPa (a drop by 39.29 %), whereas, 50 wt% fiber content shows the lowest flexural strength which is 17.11 MPa (a drop by 73.70 %). This is because high fiber loading has made the fiber partially wet and produced poor distributions in polymer matrix, thus, it has lowered the stiffness of the composite. Figure 5 also displays the highest flexural modulus of 3842.80 MPa with 90:10 (wt%) PLA/PBAT blend and fiber, and the lowest flexural modulus is 3109.20 MPa with 50:50 (wt%) PLA/PBAT blend and fiber. Flexural modulus (MPa) has constantly decreased as fiber loading has increased due to poor distribution of kenaf in PLA/PBAT matrix. Based on the previous research, the flexural behavior of the composites depends on several factors such as fiber orientation, surface waviness, and molding temperature [15] .
However, based on Fig. 6 , modification of composite by 2 wt% APTMS would increase its flexural strength up to 62.71 % with the value of 64.27 MPa. The results reveal that APTMS may be a good coupling agent between PLA/ PBAT blend and kenaf fiber. Silane coupling agents present three main advantages: (1) they are commercially available in a large scale, (2) at one end, they bear alkoxysilane groups capable of reacting with OH-rich surface, and (3) at the other end, they have a large number of functional groups which can be tailored as a function of the matrix to be used. The last feature insures, at least, a good compatibility between the reinforcing element and the polymer matrix or even forming covalent bonds between them [16] . Figure 6 also reveals that composite modified by 2 wt% APTMS has exhibited the highest flexural modulus which is 3426.20 MPa. Futhermore, it is noticed that composite with coupling agent (APTMS) has lower flexural modulus compared to the unmodified composite. This indicates that APTMS can improve the interaction between kenaf and the polymer matrix and reduce the stiffness of the composites.
Impact test
According to Fig. 7 , impact strength of PLA/PBAT blend is higher compared to impact strength of virgin PLA. This is another test that clearly showed mechanical properties of the blend improved with addition of PBAT. For example, 90:10 wt% PLA/PBAT increased the impact strength by 60.99 %, and 70:30 wt% PLA/PBAT shows the increment by 91.16 %. This can prove that blend of PLA/PBAT can lower the brittleness of virgin PLA and improves its toughness. Figure 8 depicts the impact strength of PLA/PBAT reinforced kenaf composite that there is a decrease in impact strength with the increase in kenaf content. The highest impact strength is 191.97 J/m with reinforcemnt of 10 wt% kenaf and then it continuously decreases with , and 50 wt% kenaf. Impact strengths of agro-fiber-reinforced thermoplastics generally decreased compared to the main matrix because their incorporation creates region of stress concentration that easily gives in under pressure [17] .
Based on the impact test in Fig. 9 , a modified composite with 2 wt% APTMS imparts higher impact strength than unmodified composite. After modification with 2 wt% APTMS, the impact strength increases up to 22.00 %. However, the impact strength starts to decrease as percentage of APTMS increases to 3 wt%. By modification with silane coupling agents, the filler surface becomes hydrophobic with ability to bind active groups of the polymer. Chemical interactions are formed between hydroxyl and silanyl groups of the fillers and alkoxy groups of coupling agents. This concludes that 2 wt% APTMS has improved the impact strength of composite. Nevertheless, addition of too much APTMS leads to too much interaction, thus the movement of the filler becomes more restricted.
Scanning electron microscopy (SEM) SEM micrographs of PLA/PBAT blend, PLA/PBAT reinforced kenaf and composite modified by APTMS of the tensile fractured surface are displayed in Fig. 10a-c . Based on Fig. 10a , two immiscible phases in the PLA/PBAT blend can be seen clearly. The round particles are indications of PBAT efficient distribution within PLA matrix.
Voids in the micrograph demonstrate the debonding between PLA and PBAT. This is because, the blends are prepared in the form of sheets and as a result the cavitation caused by debonding is clearly recognized. The large voids as evident in the micrographs might be formed by the coalescence of neighboring small cavities [5] . Figure 10b , similarly, demonstrates the rough phase between PLA/PBAT (90 wt%) and reinforced kenaf (10 wt%) due to incompatibility and poor adhesion between them. Kenaf is pulled out and is not dispersed evenly in PLA/PBAT blend matrix because of its polarity towards non-polar polymers. Hydrogen bonds may form between the hydrophilic fibers, and hence, the fibers tend to agglomerate into bundle and not distributed well throughout the polymer matrix during compounding process [12] .
According to Fig. 10c , SEM micrograph confirms the presence of 2 wt% APTMS which has improved the interfacial adhesion between PLA/PBAT blend and kenaf fiber. Based on this micrograph, it is evident that kenaf is pushing into PLA/PBAT blend. The fibers are well wetted by the polymer matrix and withdrawing of the fiber from matrix is minimized or it may even say that there is no fiber pulling out of the matrix. This is also an evidence for the better strength and stiffness shown by the composite with 2 wt% APTMS [18] .
Dynamic mechanical analysis (DMA)
The storage modulus, E 0 , is the real part of the complex modulus and it represents the material elasticity [19] . DMA studies have revealed that the E 0 of neat PLA/PBAT is lower than virgin PLA which indicates the material has become less elastic or conversely more permanently deformed [20] . This proves that the PLA/PBAT blend exhibits greater elasticity than neat PLA. This phenomenon confirms the results of tensile properties and flexural properties for neat PLA and PLA/PBAT blend. Reinforcement of PLA/PBAT blend by kenaf shows the sharp drop in E 0 value. As mentioned before, this is because of the poor bonding between fiber and polymer matrix. Nevertheless, with the addition of 2 wt% APTMS into composite, its E 0 exhibits higher value which is clearly evident in Fig. 11 . This improvement should be attributed to the good interfacial adhesion between kenaf and PLA/PBAT blend. As a consequence, the relative damping properties are decreased.
The vibration damping capability of the material is proved by the phase difference (tan d) between the applied stress and resulting strain. Based on Fig. 12 , the tan d values display an opposite trend compared to E 0 . PLA/ PBAT blend demonstrates a decrease in tan d compared to neat PLA. This behavior is mainly due to rubbery phase of PBAT which is well dispersed in PLA matrix and acts as a stress concentrator [5] . Addition of kenaf into PLA/PBAT blend has lowered the tan d value which would be mainly caused by the molecular motion of the polymer matrix and their interaction with the fiber-matrix [21] . After the treatment with APTMS, the tan d value has remained low compared to neat PLA. Given, the fact that tan d (tan d = E 00 /E 0 ) is an indication of the fractional energy lost in the system by the deformation. The decrease in tan d value could be ascribed to the restricted movement of polymer chain in the vicinity of the fiber surface induced by chemical bridging through the interface [16] . However, tan d value for a composite modified by 2 wt% APTMS shows that it is slightly higher than tan d value of PLA/PBAT.
Conclusion
PLA has changed from a brittle to tough and flexible polymer by adding 10 wt% of PBAT as it is revealed by mechanical testing. Addition of 10 wt% kenaf fiber to PLA/PBAT (90:10 wt%) sharply lowered the mechanical properties of the composite. However, after the addition of APTMS, the biocomposite demonstrates enhanced mechanical properties. APTMS revealed that it can be a good coupling agent for the composite. Tensile, flexural, and impact test showed the optimum strength of PLA/ PBAT blend reinforced kenaf with 2 wt% of APTMS. DMA test was an evidence for the increase in storage modulus. Again, SEM analysis confirmed the improvement in terms of interaction mechanism and interfacial adhesion between PLA/PBAT blend and kenaf fiber.
